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A simple methodical derivation for Landauer quantization of the conductivity is derived as a 
simple consequence of the Bohr quantization laws. The level of explanation corresponds to high- 
school level of Physics education and can be used as popular lecture for students. The purpose of 
the work is to introduce students in an achievement of nano-technology which is relevant to the 
future electronics. Using only the fundamental laws of quantization students can understand a 
contemporary experimental research and to follow future development in the field. 
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I. INTRODUCTION 

The permanent miniaturization in the electronic tech- 
nology leads to the need of mentioning the quantum 
effects, while exploring the electron transfer in nano- 
structures. For example in the common copper cables 
the electrons are moving the same way as in a bulk poly- 
crystalline metal, but when the wideness of the conduc- 
tor is in the sub-micron area, there are observed quan- 
tum effects. In these extremely thin wires, or as they 
are usually called nano-wires, the electron moves by the 
length of the conductor like a wave; the wideness of the 
wire must be less than 100 nm. We must calculate the 
current, caused by the different types of electron waves, 
which are conveyed through the nano-wire the same way 
as the television signal is transferred through the coaxial 
cable. When the nano-wires are small enough and are 
very precisely made, the electron diffusion is low enough 
and we can think of them like "flying" through the whole 
wire with a constant velocity v and momentum p. This 
kind of movement is called ballistic, like a free flying bul- 
let. The problem of calculating the electric conductiv- 
ity of a nano-wire, connecting two bulk conductors as 
is shown on Fig. 1, was solved before nearly half a cen- 
tury by Rolf Landauer, who worked then in IBM. The 
predicted by Landauer quantization of the conductivity 
was demonstrated very precisely by a split gate field ef- 
fect transistor-'-'- , shown schematically on Fig. 2. This 
theory is used for the analysis of the work of sub-micron 
nano-structures, as the whole contemporary electronics 
are based on the nano-technology. In leading electronic 
companies there were made fundamental explorations of 
the properties of nano-structures in different conditions; 
for example, there was examined their behavior in very 
low temperatures. The purpose of the present work is to 
describe the experimentsiS*^ and to make a simple devia- 
tion of the Landauer's formula, using only the fundamen- 
tal principles of Physics, formulated by Niels Bohr. For 
understanding the deviation is necessary only familiarity 
with the atomic model of Bohr, which is already taught 
in the high-school level of education. That is why our 



1D 



2D 



2D 



FIG. 1: One dimensional (ID) channel connecting two bulk 
two-dimensional (2D) conductors. Applied voltage creates 
current and the conductivity is quantized. 



work may be used by teachers, who want to show their 
classes a new material from the contemporary Physics, 
but some pupils may understand the present work them- 
selves. Usually while analyzing some occurrences the ac- 
tion of the border is too low to be assumed. For example 
the heat capacity of a ring and a cylinder made from the 
same material is practically equivalent. That is why it's 
understandable that we will use the conclusion of a help- 
ing problem to analyze the conductivity of a nano-wire. 
This helping solution concerns electrons, circulating on a 
nano-ring. Instead of exploring a flow of electrons, trans- 
ferred in a nano-wire from the negative electrode. We 
will concentrate on electrons, winding in one direction 
on a sub-micron conductive ring with radius r. After the 
analysis of the reference between the current and the po- 
tential we will "cut" the ring and will apply the results 
for the analysis of the conductivity of nano-technology 




FIG. 2: Realization of ID conductor (point contact) by split- 
gate technology field effect transistor. Gold split-gate rejects 
the electrons from the two dimensional electron gas (2DEG) 
in thin GaAs layer. The levels fii and ^2 of the two Fermi 
seas are different. 



point contacts. 



II. REALIZATION OF THE EXPERIMENT 

Let us describe shortly the realization of the one- 
dimensional electron conductor by semi-conductive nano- 
structures. Decreasing the dimensionality is achieved in 
two separate stages, and technologically the most impor- 
tant step is the establishing of two-dimensional electron 
gas 2DEG. For that reason there are used laminar semi- 
conductive structures. A thin coat of GaAs is placed in 
AlGaAs. Closely to that coat the bulk AlGaAs is alloyed 
in a very thin area with Si. The electron leaves the Si 
donors and fall into the potential hole of GaAs. In this 
situation their wave-functions are just standing waves, 
like the tremble of a violin string. But in the flat of 
the interface the electrons move like free two-dimensional 
particles and their wave-functions are flat waves. In dif- 
ferent words, we can assume that in the thin coat the 
electrons are soaring like seagulls above the surface of the 
sea. Their dissipation on the distant ionized Si donors is 
low and the conductivity of the 2DEG is very high. The 
density of this depraved electron gas is very high, and 
we have a two-dimensional metal when the temperature 
is low. This metal is very well insulated from the semi- 
conductor, in which it's situated. For that structure the 
Pauli prohibition is valid and the electrons fill all the elec- 
tron states to some highest possible energy £^max, called 
Fermi energy, as it is schematically depicted on Fig. 3. 
The mentioned above filling of electron position is analo- 
gous to the filling with water of all the volumes in Earth, 



FIG. 3: Energy quantization when electrons circulate around 
a ring with radius r. Due to Bohr laws the angular electron 
momentum is quantized. This leads to velocity and energy 
quantization. Open circles presents empty electron orbitals. 
Filled circles denote double electron occupied states. The 
electrons moving in right direction have a maximal energy. 



beneath the sea level and that is why the phrase Fermi sea 
is usually used. In our case the sea is two-dimensional. 
The technological problem is to create one-dimensional 
channel between two seas of that kind. For this purpose 
one split-gate of two gold electrodes is used, evaporated 
on a semi-conductor hetero-structure. That is how we 
create a field effect transistor, demonstrated on Fig. 2. 
The source and the stock have an Ohm connection with 
the 2DEG. When we put a strongly negative potential 
on the gate, the electrons below it disappears, ejected 
awry by the Coulomb repulsive force of the gate. That is 
how the connection between the two sees is interrupted 
and the transistor is bung and stopped. When we de- 
crease the force of rejection by changing the gate volt- 
age the contact between the Fermi seas is recovered and 
the electrons run from one sea, to the other through the 
narrow one-dimensional channel, created under the split- 
gate. In this phase of their transfer, the electrons have 
almost one-dimensional motion - like waves in a waveg- 
uide. They do not diffuse, but fly like bullets. That is 
why we call that condition a Ballistic regime. The wave- 
function of the electrons are flat waves stretched by the 
length of the channel, and in the perpendicular direction 
they are standing waves. The filling of the electron states 
depends on the potential, so the gate voltage determines 
the number of the open electron channels. Each of these 
channels gives one quantum of conductivity to the whole 
conductivity of the nano-technology point contact. Now 
we can understand the step-looking nature of the rela- 
tion between the conductivity and the gate voltage in 
the low-temperature range, shown on Fig. 4. Each step 
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directions, when U is a small difference between the lev- 
els of the Fermi seas, but the result remains the same. 
That is all we will say about the realization of the exper- 
iment. In the next section the Landauer formula will be 
deviated, describing the quantization of the conductivity. 
After that we will describe the influence of the different 
temperatures to the conductivity of the nano-technology 
point contact. 



III. DEVIATION OF THE LANDAUER 
FORMULA 



FIG. 4: Conductivity a of the field effect transistor versus 
gate voltage Ug. Increasing the voltage opens new electron 
channels. Every open electron channel gives one conductivity 
quantum 2e^ /h to the whole conductivity which creates the 
height of the steps. 




As we had already mentioned, we will analyze a mental 
experiment with electrons, winding on a circle with ra- 
dius r, like the atomic model of Bohr. That experiment 
will help us to solve our problem. When an electron cir- 
culates with velocity v the period of its round is 2T:r/v 
(time is equal to the path divided by velocity). And the 
average current J„ is simply the electron charge e divided 
by the period (by definition the current is the charge per 
unit time) 
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The index n means that we respect the quantum prop- 
erties of the electron. The integer n shows us how many 
wavelengths of the electron Ae = iirh/p can be put to- 
gether in perimeter of the circle 2i:r = nXe- According 
to the Bohr's law the angular momentum is quantized 



= nh, 



(2) 



where H = 1.055 x 10"'^^ Js is the Plank's constant and 
the integer n is called magnet quantum number in the 
atomic physics, m is the effective mass of the electron in 
the crystal grid. From Bohr's law we can calculate the 
velocity: 



h 
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And we can put the results back in the formula, applied 
to the formula for the current Eq. 



FIG. 5: Conductivity a versus gate voltage Ug at different 
temperatures. Increasing the temperature smears the steps 
of conductivity quantization. At high temperatures the con- 
ductivity quantization disappear. 



means that one more one-dimensional channel has been 
opened between the Fermi seas. Increasing the temper- 
ature means that the steps become smoothed-out and 
indistinct, see Fig. 5;freezing brings us more step-looking 
figure. The height of the step may be computed with ele- 
mentary knowledges. These calculations were realized in 
the next part of this work. If we want to be more accu- 
rate we have to take into account currents in the opposite 
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The quantization of the velocity causes quantization of 
the kinetic energy too 
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This formula explains the energetic spectrum of an elec- 
tron, winding on a circle with a fixed radius, graphically 
shown on Fig. 3. Its now easy to calculate the whole cur- 
rent, caused by all the electrons, circulating in one direc- 
tion u > 0, assuming tat all the electron states with en- 
ergy in the range from E = to E 
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exactly 2 electrons each (with spin "up" and "down"). 
According to the Pauli's principle of prohibition each 
electron state can be filled only with one electron with 
certain spin and h'om the equation about the spectrum 
its obvious, that the maximal energy i?niax can be param- 
eterized with one big integer N or with an item, having 
the character of electric potential U 
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The whole current is equal to the sum of all the electron 
currents 
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In other words, a sum through all the electron states 
ought to be made. We can use the formula for the arith- 
metic progression for big enough numbers ^ 1 
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We apply this formula for to the calculation of the cur- 
rents Eq. lO, expressed by Eq. Q 
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The integer TV is much bigger than 1, so in a good ap- 
proximation we may assume that A^(l + 1/iV) k, N and 
there we have 
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Here the expression in the brackets is the highest possible 
energy of the electrons mentioned in Eq. JB)). Now we 
have the opportunity to express the current by an electric 
potential 
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following the tradition we have used the old Plank con- 
stant h = 2Tih. By definition the conductivity a is the 
current, divided to the voltage a = I/U. In this whole 
calculation we assume that the regime of the electrons, 
transferred through the ring is ballistic, where the elec- 
tron diffusion is neglected. That is why the electron 
wavelength have to be shorter than the average free path 
of the electron. The result we achieved is applicable for 
short enough nano-wires, including point-contacts too, 
where the one-dimensional movement is in a very slight 
area. Now we have the Landauer formula, describing the 
quantization of the conductivity of one-dimensional con- 
ductor. 
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In the realistic nano-technology point-contacts the con- 
ductivity is achieved as a result of a great number of such 
one-dimensional channels and to calculate the whole con- 
ductivity, we ought to multiply the conductivity quantum 
(To by the number of the opened one-dimensional electron 
channels K 
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THE INFLUENCE OF FINITE 
TEMPERATURE 



(13) 



Lets research the results, achieved by realizing the ex- 
periment. In this work there was used the transistor, 
shown on Fig. 2. The temperature, in which the measure- 
ments were made is close to the absolute zero T = 0.6 K. 
Measuring the voltage, the conductivity can be calcu- 
lated for different values of the negative gate potential 
t/g, applied to the point contact. A simple parallel can 
be made, concerning the negative voltage, which can help 
the reader to understand the graphical relation between 
a and Ug, shown on Fig. 4. The apphed negative gate 
voltage can be assumed as a wideness of the point con- 
tact. This parallel was explained and used yet in the 
second section. Increasing Ug means the point contact 
becomes narrower. Therefore, by changing the gate volt- 
age we can increase or decrease the conductivity of the 
nano-technology point contact, as we act on its wideness. 
That is how this simple analogy between electrical poten- 
tial and wideness helps us to reduce our problem to the 
simple model of an usual Ohm's conductor. 

The conductivity is shown in units 2e} jh. It's inter- 
esting, that the conductivity is not increasing linearly 
with the accretion of the wideness of the point contact, 
but, as there was already mentioned, the function has a 
strange vision, it increases in some portions, steps or, as 
we call them - quants, each of these leading to increas- 
ing a with 2e^ /h. When Ug — —2.2 V the conductivity is 
zero. This means that there is no current transferred and 
that the point contact is stopped. In other words while 
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-2.2 V the wideness of the gate is zero and the 



circuit is ceased, because all the electrons from the con- 
tact are ejected awry due to the electric rejection forces. 
The quantization of the conductivity of the unit shown 
on Fig. 2 in the mentioned conditions can be detected 
in the range from Ug = —0.3 Y to Ug — —2.2 V, when 
the circuit is disconnected. In this range the conductiv- 
ity changes altogether 16 times, and each of these por- 
tions is equal to 2e^ jh. The graphics also shows that the 
quantization of the conductivity is not entirely sharp and 
distinct, the steps are a little bit rounded. The reason for 
that indefinite vision of the function is the resistance of 
the 2DEG zones, which approximately measures 400 O. 
Furthermore it is possible to see that the higher is the 
conductivity, the smoother is the function. The expla- 
nation for this occurrence in that the 2DEG zones resis- 
tance becomes a bigger part of the whole resistance of the 
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circuit, as the resistance of the point contact decreases. 
Now we have the relation (j/Ug entirely explained for 
T = 0.6 K. A very interesting question is to explore the 
same experiment made in the conditions of some differ- 
ent temperatures T. The graphic showing the changes 
of cr as a function of Ug is shown on Fig. 5. This time 
there are demonstrated the measured values for different 
temperatures: 0.3 K, 0.6 K, 1.6 K, 4.2 K. Obviously the 
quantization of the conductivity tends to disappear when 
increasing the temperature. Even when T = 4.2 K it is 
really hard to see it. We have already considered all of 
the most interesting and important aspects of the quan- 
tization of the conductivity of the nano-technology point 
contacts. Now we ought to mention one very important 
detail about this problem. We have already understood 
where the Ohm's resistance appears in the point contact, 
but our work would be incomplete if we overpass the 
question where the Ohm's heating becomes; we ought 
to mention something about the inconvertible character 
of the point contact. The electrons pass through the 
gate in ballistic regime, so there is no heat emitted. The 
heat, actually, is generated when the electrons transfer 
from the first Fermi sea to the other through the one- 
dimensional channel and they begin to hit into the sur- 
rounding walls. The situation when an electron is coming 



into a sea through the point contact reminds the model 
of the black body radiation. Exactly as the beam of light, 
fallen through the narrow hole into the box cannot went 
out, exactly the same situation we have with the electron, 
fallen into the second 2DEG zone. It cannot get back to 
the first Fermi sea through the point-contact. Therefore 
the irreversibility of the process of transferring electrons 
through nano-technology point contacts appears in the 
non-elastic hits, which the electrons bear when coming 
to the second, lower level Fermi sea. This process is just 
the same as the heating of water, which overflows from 
one reservoir to another. In the present work we have 
solved a contemporary quantum problem, although the 
results, necessary for the interpretation of the experimen- 
tal data were achieved with elementary methods, taught 
in the high-school level of Physics education. 
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V. TRANSLATION IN SLOVAK LANGUAGE: 
UVOD 

Neustala miniaturizacia v elektronike niiti k tomu, aby 
boli kvantove efekty vypocitavane, pocas vyskumu nano- 
struktur. Napriklad v obycajnych medenych kabloch 
elektrony sa pohybuju presne tak isto, ako v objemovom 
polykristalovom kove. Ked ale sirka vodica je v sub- 
mikronnom rozsahu, zjavuju sa kvantove efekty. V tychto 
mimoriadne tenkych kabloch, zvycajne nazyvane nano- 
kable, elektrony sa pohybuju po dlzke vodica ako vlna; 
sirka kabla musi byt mensia ako 100 nm. Musime 
vypocitat elektricky priid, sposobeny rozlicnymi typmi 
elektronovych vln, ktore sa prenasajii cez nano-kabel 
tym istym sposobom, ako sa prenasa televizny signal 
cez koaxialny kabel. Ked sii nano-kable dostatocne 



male a sii precizne vyrobene, rozptylovanie elektronov 
je dostatocne male a mozeme o nich uvazovat ako "leti- 
ace" cez celii dlzku kabla s konstantnou rychlostou v a 
momentom p. Tento sposob pohybu sa nazyva balisticky, 
ako vystrelena gulka. Uloha pre vypocitavanie konduk- 
tivity nano-kabla, spajajiiceho dva objemne voidce, ako 
je ilustrovane na Fig. 6, bola vyriesena este pred priblizne 
pol storocim Rolfom Landauerom, ktory vtedy praco- 
val pre IBM. Prcdznamcnana od Landauera qantizacia 
konduktivity bola demonstrovana velmi precizne od 
tranzistora s rozstiepenym gejtoiiiSi^, demonstrovany 
schematicky na Fig. 7. Tato teoria sa pouziva pri 
analyzovani submikronnych nano-struktiir, kedze cela 
dnesna elektronika sa opiera na nano-strukturu. V 
niektorych vediicich elektronickych firmach boli urobene 
fundamentalne skiimania vlastnosti nano-struktiir pri 
roznych podmienkach, napr. bolo preskiimane ich 
chovanie pri velmi nizkych teplotach. Cielom nasle- 
dujiiceho materialu je opisat experimenty^'^'^ a vyvimit 
jednoduchy vyvod Landauerovej formuli, s pomocou len 
elementarnych principov fyziky, formulovane od Nielsa 
Bohra. Pre pochopenie vyvodu je potrebne len poz- 
nanie Bohroveho atomoveho modelu, ktory sa uz niekolko 
desatroci vyucuje na gymnazialnej lirovni. S tohto 
dovodu sa nasa praca moze pouzivat od ucitelov, ktori 
by chceli demonstrovat svojim ziakom novy material z 
dnesnej fyziky; niektori ziaci by mohli nasledujucu pracu 
pochopit aj samostatne. Zvycajne pri skiimani nejakeho 
javu vplyv hranice je prilis maly, aby bol zdorazhovany 
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FIG. 6: Jednodimenzialny (ID) kanal spajajiici dva objemne 
dvojdimenzialne (2D) konduktori. Pridane napatie vyvolava 
priid a konduktivita je kvantizovana. 
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FIG. 7: Realizacia ID vodica (bodoveho kontaktu) pomo- 
cou tranzistora s rozstiepenym gejtom. Zlati gejt odpudzuje 
elektrony z dvojdimenzialneho elektronneho plynu (2DEG) v 
lizkej GaAs vrstve. Urovne fii a ^2 Fermiho mory sii rozlicne. 



a tym padom sa nepocita. Napriklad tepelna kapacita 
prstena a cylindra, vyrobenych s toho isteho materialu je 
prakticky rovnaka. V takom pripade je pochopitelne, ze 
pouzijeme riesenie pomocneho prikladu pre analyzu kon- 
duktivity nano-kabla. Tento pomocny priklad spociva 
V torn, robit vpocty pre elektrony, cirkulujiice po nano- 
prstene, namiesto skumania toku elektronov, "preli- 
etajiicich" cez nano-kabel, od negativneho elektrodu k 
pozitivnemu. My sa sustrdime na elektrony, cirkulujuce 



V jednom smere po nano-prstne s radiusom r. Ked 
uz budeme mat analyzu vztahu elektrickeho priidu k 
napatiu, "rozrezeme" prsten a vyuzijme vysledky pre 
konduktivitu nano-technologickych bodovycli kontaktov. 

VI. REALIZACIA EXPERIMENTU 

V nasledujucich riadkoch opiseme v kratkosti re- 
alizaciu jednomerneho elektronoveho vodica pomocou 
polovodicovycli nanostruktiir. Znizenie dymenzionality 
je dosiahnute v dvoch rozdielnych fazach, a z techno- 
logickeho hladiska je najdolezitejsi prechod vytvaranie 
dvoj-dimenzialneho elektronneho plynu 2DEG. Z tohto 
dovodu sa pouzivajii laminarne polovodicove struktury. 
Tenka vfstva GaAs sa nanasa do AlGaAs. Blizko tejto 
vrstvy sa objemny AlGaAs jonizuje v tenkej vrstve so 
Si. Elcktron vybieha z Si donorov a pada do po- 
tencialnej jamy GaAs. V tejto situacii ich vlnove funkcie 
sii jednoducho stojace vlny, ako tie, co sa vytvarajii 
pri chveni struny husliciek. V plosine prostredia sa ale 
elektrony pohybuju ako volne dvoj-dymenzialne castice a 
ich vlnove funkcie sii ploske vlny. Inimi slovami, mozeme 
pocitat, ze elektrony sa vznasajii ako cajky nad morskou 
hladinou. Ich rozptylenie na vzdialenych jonizovanych 
Si donoroch je velmi male a preto konduktivita 2DEG- 
u je velmi vysoka. Hustota tohto elektronneho plinu je 
velka, a mozeme uvazovat, ze mame dvoj-dymenzialni 
kov pri nizkych teplotach. Tento kov je velmi dobre 
izolovany ot semikonduktora, v ktorom je umiestneny. 
Pre tuto struktiiru Pauliho zabrana licinkuje a vsetky 
elektrony vyplhajii vsetky elektronne urovne po nejaku 
maximalnu moznii energiu i?max, zvanou Fermiho ener- 
gia, ako je schematicky ukazane na Fig. 8. 

Predtym spomenute zaplhanie lektronnych pozicii je 
analogicke zaplfianiu prazdnych medzier na zemskom 
povrchu vodou po liroveh morskej hladiny; z tohto dovdu 
sa casto pouziva fraza Fermiho more. V nasom pripade 
more je dvojdymenzialne. Technologicky problem je 
vyrobit jednomerny kanal mcdzi dvomi podobnymi 
morami. Na dosiahnutie tohto ciela je pouzity 
rozstiepeny gejt z dvoch zlatych elektrod, vypareny na 
polovodicovu heterostrukturu. Tato metoda na vyrobu 
tranzistora s rozstiepenym gejtom sa pouziva, a je de- 
monstrovana na Fig. 7. Sorce a stok majii ohmove spoje- 
nie s 2DEG. Ked gejtu pridame silne negativny potencial, 
elektrony pod nim zmiznii, vytlacene nabok coulom- 
bovymi odpudzujiicimi silami gejtu. Tymto sposobom 
sa spojenie medzi dvoma morami prerusi a tranzis- 
tor sa upcha. Ked silu odpudzovania zmensime, zme- 
nenim gejtoveho napatia kontakt medzi Fermi morami 
sa znovu vytvara a elektrony prechadzajii z jedneho 
mora do druheho cez uzky jednodymenzialny kanal, 
vytvoreny pod rozstiepenym gejtom. V tejto faze 
transferu elektrony majii skoro jednosmerny sposob po- 
hybu - ako vlny vo vlnovode. Qui sa nerozptluju, ale 
letia ako naboje. Z tohto dovodu volame tento typ po- 
hybu balisticky rezim. Vlnove funkcie sii ploske vlny. 
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FIG. 8: Kvantizacia cnorgic olcktronov, cirkulujucich po 
okruhu s radiusom r. Podia Bohrovych zakonov uhlovy mo- 
ment elektronu je kvantizovany. S toho je sposobena kvan- 
tizacia aj rychlosti aj energie. Prazdne kruzky demonstrujii 
prazdne elektronne orbity. Pine kruzky ukazujii dvojito zau- 
jate urovne. Elektrony sprava majii maximalnu energiu. 
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FIG, 10: Konduktivita a oproti gcjtovemu voltazu Ug pri 
roznych teplotach, Zvysenie teploty roby schody kvantizacie 
hladsie. Pri vysokych teplotach kvantizacia konduktivity 
mizne. 

konduktivitou a gejtovym napatim pri nizkych teplotach, 
zaobrazenou na Fig. 9. Kazdy "schod" znamena, 
ze je otvoreny dalsi jednomerny kanal medzi Fcrmiho 
morami. Zvysenie teploty pridava "schodom" hladkejsi 
vyzor. Postupne sa stanu neodhalitelnymi (Fig. 10); 
ochladzovanie nam prinasa zdoraznenejsie schodito vyz- 
erajiicu figuru. Vyska schodou moze byt vypocitana ele- 
mentarnymi poznatkanii, Ticto kalkulacie su realizovane 
v nasledujiicej sekcii tohto textu. 

Aby sme boli prestni by sme museli pocitat aj elek- 
trickc pnidy, prcbicliaji'icc v opacnom smcrc, vtcdy, 
ked U je maly rozdiel medzi rovinami Fermiho mory; 
nezavisle od toho vysledky zostavajii tie iste. To je 
vsetko, CO povieme o rcalizacii cxpcrimentu. V nasle- 
dujiicej sekcii bude predstavcny vyvod na Landauerovii 
formulu, opisujiicu kvantizaciu konduktivity. Dalej 
charakterizujeme vplyv zmeny teploty na konduktivitu 
nano-technologickeho bodoveho kontaktu. 



FIG. 9: Konduktivita a tranzistora oproti gejtovej voltaze. 
Zvysenie napatia otvara nove elektronne kanaly. Kazdy 

olcktronny kanal dava o jcdcn konduktivny kvantum 2f? jh 
celej konduktivite, a vdaka tomu sa vytvara vyska schodou. 



rozsahujiice sa pozdlz kanala, v perpendikularnej rovine 
sii to stojate vlny. Zaplnenie elktronnych lirovni zalezi od 
potcncialu, takzc gcjtova voltaz urcujc pocct otvorcnych 
elektronnych kanalov. Kazdy z tychto kanalov dava je- 
den kvantum konduktivity k celej konduktivity nano- 
technologickeho bodoveho kontaktu. Tcraz uz mozcme 
pochopit "schodovity" charakter vzhladu relacie medzi 



VII. VYVOD FORMULE 

Uz sme spomenuli, ze budeme analyzovat mysleny 
experiment s elektronmi, cirkulujucimi po okruhu s 
radiusom r, ako v atomovom modclc Bohra. Tcncto 
experiment nam pomoze pri rieseni nasej lilohy. Ked 
sa elektron toci rychlostou v perioda jeho otacky je 
2'nr/v (cas sa vyjadnijc ako prcjdcna ccsta, rozdclcna 
na rychlost). Stredny elektricky priid je proste naboj 
elektronu e rozdeleny na periodu (definicia pre elektricky 
priid je prebehnuti naboj za urcity cas) 
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Index n znamena, ze respektujeme kvantove vlastnosti 
elektronu. Cele cislo n ukazuje kolko krat dlzka vlny 
elektronu Ae — 2'Kh/p sa nachadza v perimetri kruhu 
2'Kr = nAe- Podia Bohrovho zakona Uhlovy moment je 
kvantizovany 

mvr = nh, (15) 

kde h — 1.055 x 10"'^'' Js je Plankova konstanta a 
cela cislica n ma nazov magnetove kvantove cislo v 
atomovej fyzike, m je efektivna hmotnost elektronu 
v kristalickej struktiire. Z Bohrovho zakona mozeme 
vypocitat rychlost: 

h 

Vn = n. (16) 

mr 

Vysledky mozeme pouzit vo formule o eletrickom prede 
Eq. 

/ (17) 

Kvantizacia rychlosti sposobuje kvantizaciu kinetickej en- 
ergie tiez 



1 



1 



(18) 



Tato formula opisuje energeticke spektrum elektronu, 
Tociaeim sa po kruhu s fixovanym radiusom, graficky 
ukazanom na Fig. 8. Vypocitavanie celeho priidu, 
sposobeneho vsetkymi elektronmi, kriiziacimi v jed- 
nom smere u > 0, uz nie je poblem, povazujiic, ze 
vsetky elektronne lirovne v intervale od -E = da 
E = i?max sii zaplnene presne dvoma elektronmi kazda 
(zo spinom "hore" a "dolu"). Podia Pauliho zabrane 
kazda elektronna lirovevn moze byt zaplncna len jednym 
elektronom s danym spinom a z formule o spektre je 
jasne, ze maximalna energia i?max moze byt parametri- 
zovana s jednou velkou celou cislicou N alebo s clenom, 
majucim rozmernost elektrickeho potencialu U 



1 ft2 



-N^ = eU. 



2 mr^ 

Cely priid je suma zo vsetkych elektronnych priidov 



(19) 



N 



I 



(20) 



S inymi slovami, musi sa sumovat cez vsetky elektronne 
lirovne. Mozeme pouzit formulu o aritmetickej progresii 
pre dostatocne velke cislo 1 



N 



^71 = l + 2+3 + ---+iV = 



iV(A^+l) 



» 1- (21) 



n=l 



Pouzijeme tiito formulu pre kalkulaciu priidov Eq. H2()(l . 
vyjadrenimi cez Eq. (|17|) 



n=0 n=0 



2'Kmr'^ 2'Kfnr'^ 2 



(22) 



Cela cislica iV je ovela vecsia ako 1, takze s dostatocnou 
presnostou mozeme prijat, ze N{1 + 1/N) « TV a 
dostaneme 



'27rft yhm^ J 



(23) 



Vyraz v zatvorkach je maximalna mozna energia 
elektronov, spomenutych v Eq. (|19|) . Teraz mame 
moznost vyjadrit priid pomocou elektrickeho potencialu 



2e2 2e2 

U = —U = aU, 



(24) 



Podia tradicie sme pouzili starii Plankovii konstantu 
h — 2T:h. Podia definicie, konduktivita a sa rovha priidu, 
rozdelenemu napatiu a = I/U. V celej kalkulacii sme 
pocitali s tym, ze rezim elektronov, prenasanych cez 
prestenovidny vodic, je balisticky. Pri tomto rezime 
elektronne rozptilnie je zanedbatelne a preto dlzka vlny 
elektronov musi byt mensia ako stredny volny priebeh 
elektronu. Vysledok, ktory sme dostali je mozne pouzit 
pre dostatocne kratke nano-kable a taktiez bodove kon- 
takty, kde sa prechod uskutochuje pomocou jednodi- 
menzialneho pohybu. Teraz uz mame Landauerovii 
formulu, opisujiicu kvantizaciu konduktivity jednodi- 
menzialneho voidca. 



CTO 



2e^ 
h 



1 



12906 n 



77.5 /zSm. 



(25) 



V realnom nano-technologickom bodovom kontakte je 
konduktivita dosiahnuta pomocou velkeho mnozstva 
podobnych jednodimenzialnych kanalov a pre vypocet 
celej konduktivity musime nasobit kvantum konduktiv- 
ity CTo s poctom otvorenych jednodimenzialnych kanalov 
K 



.2e' 



(26) 



VIII. VPLYV TEPLOTY NA KONDUKTIVITU 

Preskiimajme vysledky, dosiahnute pri realizacii exper- 
imentu. V nasej praci sme pouzili tranzistor, zobrazeni 
na Fig. 7. Teplota, pri ktorej boli uskutocnene merania 
je blizka k absolutnej T = 0.6 K. Dostavajiic informaciu 
o voltazi z priborov mozeme lahko vypocitat konduktiv- 
itu pre rozne velkosti negativneho gejtoveho voltazu C/g, 
prilozenemu k bodovemu kontaktu. S tymto negativnym 
voltazom sa moze urobit jednoducha analogia, ktora 
nam pomoze pochopit grafickii siivislost medzi a a Ug, 
ukazanii na Fig. 9. Pridany gejtovy potential moze byt 
prijaty ako sirka gejtu. Tato analogia uz bola vyuzita v 
druhej sekcii. Zvecsenie Ug Znamena, ze sa bodovy kon- 
takt stane uzsim. To znamena, ze menenie negativneho 
napatia na gejte moze sposobit spad, alebo zvysenie 
konduktivity nano-technologickeho bodoveho kontaktu, 
zmenenim jeho sirky. Takto tato jednoducha analogia 
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medzi potencialom a sirkou nam umoznila rcdiikovanic 
nasej lilohy k prostcmu niodclu obycajncinu Olimovcmu 
vodicu. 

Konduktivita je predstavena v jednotkach 2e^//i. Za- 
ujmave je, ze sa konduktivita nezvysuje linearne s 
linearnym zvecsenim sirky bodoveho kontaktu, ale, ako 
sme uz opisali, tato funkcia ma zvlastny vzhlad; konduk- 
tivita sa zvecsuje v urcitych porciach, dozach, nazyvane 
kvanty. Kazdy z nich zvysujc konduktivitu a o jh. 
Ked Ug = —2.2 V konduktivita je nulova. S toho 
vyplyva. ze ziadny prud neprechadza a bodovy kontakt je 
uzatvoreny. Inymi slovami, ked Ug = —2.2 V sirka gcjtu 
je nulova a retaz je prerusena, pretoze vsetky clcktrony 
z kontaktu sii vytlacene nabok ot elektrickych odpudzu- 
jucich sil. Kvantizacia konduktivity pristroja, ukazanom 
na Fig. 7 v spomenutych podmienkach moze byt detek- 
tovana v hraniciach d C/g = —0.3 Y do Ug = —2.2 V, 
ked je retaz prerusena. v tychto hraniciach sa konduk- 
tivita meni spolu 16 krat, a kazda z porcii sa rovna 
2e^//i. Grafika taktiez ukazuje, ze kvantizacia konduk- 
tivity nie je celkom prudka a presna, "schody' sii trochu 
oble. Pricina tohto neidealneho vzhladu funkcie je elek- 
tricky odpor 2DEG zon, ktory jc pribliznc 400 17. Dalej 
mozeme spozorovat, ze cim je vyssia konduktivita, tym 
je funkcia oblejsia. Vysvetlenie pre tento jav najdeme v 
oporc 2DEG zon, ktori sa stane vecsiou ciastkou ccleho 
odporu retaze, koli znizeniu rezistencie bodoveho kon- 
taktu. Teraz uz mame pomer a/Ug vyjasneny pre T = 
0.6 K. Velmi zaujimava I'lloha je prcskumat ten isty ex- 
periment, prcvcdcny pri roznych tcplotach T. Grafika, zo- 
brazuji'ica zmcny a ako funkcia Ug jc ukazana na Fig. 10. 
Tento raz sii tam zobrazcno zmerane hodnoty pre rozne 
teploty: 0.3 K, 0.6 K, 1.6 K, 4.2 K. Zrejme kvantizacia 
konduktivity postupnc; miznc so zvysenim toploty. Este 
pri T = 4.2 K je uz len tazko rozlisitelna. Uz sme skoncili 
s opisovanim vecsiny najdolezitejsich a najzaujmavejsich 



aspcktov kvantizacie konduktivity nano-technologickeho 
bodoveho kontaktu. Tcraz by sme chceli opisat jeden 
velmi dolezity dctajl, tykajuci sa tejto prace. Uz sme 
opisali kde vznika Ohmova rezistencia v nasom pribore, 
ale nasa praca by bola neuplna, keby sme vynechali 
otazku kde presne sa Ohmove zahrievanie prejavuje; 
na tomto mieste by sme chceli spomeniit nieco o neo- 
bratitelnosti bodoveho kontaktu, pri zvyseni entropie. 
Elektrony prechadzajii ccz gcjt v balistickom rczime, 
takze tu sa teplota nevylucuje. Teplota sa vlastne pre- 
javuje pri prechode elektronov z jedneho Fermiho mora 
do druheho cez jednodimcnzialny kanal a zacinaju sa 
udierat do okolitych stien. Situacia, pri ktorej jeden 
elektron vchadza do mora cez bodovy kontakt pripomina 
model vysielania uplne cierneho telesa. Presne tak 
isto ako liic svetla, padajiici cez lizky otvor do skatule 
ju uz nemoze opustit, aj elektron, prcsicl do druhej 
2DEG zony ju uz nemoze opustit cez jednodimcnzialny 
kanal. Neobratitelnost procesu prenosu elektronov cez 
nano-technologicky kontakt sa prejavuje pravc v ncc- 
lastickych lideroch, ktore elektrony utrpia ked prejdu 
do druheho, nizsieho Fermiho mora. Tento proces je 
naplno identicky so zahrievanim vody, ktora sa prelieva 
z jedneho rezervoaru do druheho. V nasej praci sme 
vyriesili jednii zaujimavii lilohu z aktualnej fyziky, aj 
ked vysledky, potrebne pre analyzu experimentalnych dat 
sme dosiahli s elementarnimi metodami, vyucovanymi na 
strednoskolskej lirovni vyucovania z iyziky. 
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